Abstract-The availability of high-resolution along-track interferometric synthetic aperture radar (ATI-SAR) data with large coverage, such as TerraSAR-X (TSX) data, motivates spaceborne ground moving target detection as an attractive alternative to conventional traffic data acquisition. In this paper, a performance analysis of ground moving targets detection by means of ATI-SAR systems and using a statistical approach is carried out on both simulated and real data. A Gaussian clutter model and a deterministic target response have been assumed. The receiver operating characteristic for the likelihood ratio test (LRT), which can be assumed as a reference best performance case, has been expressed in closed form and has been related to the deflection values, which can be exploited for assessing the improvements in the detection probability with a constant false-alarm rate. For practical applications, the performance of a generalized LRT (GLRT) has been investigated. The analysis carried out on simulated data revealed that the detection results achieved using a GLRT based on a deterministic target model are comparable with those obtained using a GLRT based on a Gaussian target model and are not significantly worse than the theoretical performance of the LRT. Finally, ground moving target detection results on TSX real data are showed.
I. INTRODUCTION
A LONG-TRACK interferometric synthetic aperture radar (ATI-SAR) systems are multichannel systems capable of detecting moving targets on the ground surface and of estimating their radial velocity [1] - [4] . They can be a powerful tool for wide-area traffic monitoring in all-weather conditions during day and night, even if the limitations related to the revisiting time and to the strong dependence on roads orientations have to be considered. ATI-SAR systems were originally applied to estimate ocean surface currents velocity [5] - [7] , showing a very high estimation accuracy, even for low velocity values. In [8] , the first analysis of surface current fields derived from ATI TerraSAR-X (TSX) data has been conducted, showing results basically consistent with theoretical expectations.
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The recent availability of high-resolution spaceborne SAR data with large coverage, such as TSX and RADARSAT-2 data, has allowed to obtain different experimental examples of traffic monitoring from space [1] , [9] . It is well known that the effect of the radial velocity component of a moving target consists in shifting its image along the azimuth direction and in introducing an interferometric phase (ATI phase), depending on the radial velocity value and on the SAR antenna baselines. The azimuth displacement is proportional to the target radial velocity and to the distance from the SAR antenna to the observed ground [2] , then for satellite systems, it can amount to a large number of pixels (e.g., in the TSX case, a radial velocity of 50 km/h will produce a displacement of about 1.2 km).
The presence of the ATI phase related to the target velocity suggests the idea of developing proper algorithms for detecting moving targets and estimating their radial velocity using the ATI phase [1] - [4] , [9] - [16] or the displaced phase-center antenna (DPCA) method [10] , [17] . ATI detectors are considered clutter limited: the smaller the signal-to-clutter ratio (SCR), the more likely the target will become buried within the clutter. DPCA detectors, instead, are considered noise limited: the higher the noise, the worse the detection of the slowly moving targets. Anyway, these two approaches apply on SAR processed images, after range and azimuth compression and consequently benefit of a signal-to-noise ratio (SNR) improvement. Other methods for ground moving target indication (GMTI) use space-time adaptive processing (STAP) techniques [18] - [20] by jointly exploiting multiple parallel digitized receiving channels and several transmitted pulses. Space-time approaches are applied to range-compressed raw data and then can suffer from an SNR loss [20] . In order to overcome this problem and detect targets with low radar cross section (RCS) in [20] , a new space-time approach has been proposed, which is denoted as imaging STAP [20] . In [21] and [22] , a generalization of DPCA that also exploits multiple virtual receiving channels has been proposed. In both [20] and [21] , a statistical approach has been considered; it operates clutter cancellation and use a generalized likelihood ratio test (GLRT), with a deterministic target response, for the detection. Clutter cancellation is performed since in GMTI applications, the presence of clutter can significantly affect the detection performance. In fact, it has to be considered that each pixel of the complex image is resulting from the superposition of the signal backscattered by the moving target and the signal returned by the stationary background. In [20] , clutter cancellation is performed in the Doppler 0196-2892 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
domain, whereas in [21] , it is done after SAR compression through the inverse clutter covariance matrix. The approach reported in [22] aims at canceling clutter without using any statistical assumptions, thus obtaining a very robust approach, even if suboptimal under the Gaussian clutter assumption. The clutter is a problem also in ATI-SAR techniques, since in conjunction with the noise, it can corrupt the interferometric phase [23] , but it can be taken into account in the statistical signal model, so that radial velocity estimation and target detection can be performed without operating a preliminary clutter cancellation [12] - [16] , which in some cases can be a critical operation. In fact, DPCA and STAP can both suffer from limitations of poor clutter cancellation and target attenuation.
Other moving target detection techniques are based, instead, on the defocusing effect produced by the target azimuth velocity. Vehicles moving in along-track direction appear smeared in azimuth when SAR azimuth focusing is matched to the stationary background. The extent of this defocusing is directly proportional to the along-track velocity, and moving target detection can be performed by estimating its along-track velocity component from multichannel data and compensating the related image defocusing effect [24] .
In this paper, we analyze the moving target detection performance of an ATI-SAR multichannel technique using a GLRT and adopting a deterministic model for the target and a Gaussian one for the clutter. It represents a modification of the GLRT presented in [16] , which was based on a Gaussian target model. In particular, in [16] , it was assumed that the complex amplitude of the (stationary) target is a realization of a zeromean circularly symmetric complex Gaussian random variable with unknown variance, related to the target RCS. As well known, the estimation of a realization of a random variable can be performed in the framework of a classical estimation theory by treating it as a deterministic unknown parameter if its statistical distribution is not available or exploiting its statistical distribution when it is a priori known for increasing the estimation accuracy. When the distribution is partially known (such as in the case of Gaussian probability density function (pdf) with known average value and unknown variance), the use of the target pdf could not lead to performance improvement.
In this paper, we investigate the performance achievable by using a deterministic target model, in terms of probability of detection and false alarm. Anyway, both Gaussian and deterministic models are based on the assumption that the target RCS remains constant in the small time required for the SAR antenna to cover the baseline length [25] . This assumption is also required for accurate SAR image focusing, which assumes the target RCS does not change during the Synthetic Aperture (SA) formation time, which is certainly larger than the time delay between the two interferometric acquisitions. If target RCS changes during the synthetic aperture time interval, a defocusing effect producing a loss in the signal intensity is observed in both the interferometric images.
The approach presented is based on SAR processed images and can be applied to any SAR sensor data, with at least two channels. It does not require explicit clutter cancellation as a separate processing step, since clutter is taken into account in the statistical signal model and assumes a fixed clutter covari- ance matrix. With the adopted statistical models, the receiver operating characteristic (ROC) associated with the likelihood ratio test (LRT), in the theoretical case of known target parameters (that can be assumed as a best performance reference case), can be expressed in closed form. Moreover, it has been shown that the detection performance is easily related to the deflection of the likelihood ratio pdf. For the case of unknown target parameters, the detection performance obtained by applying a GLRT based on a deterministic target model have proved to be not significantly worse than the LRT one, for sufficiently high radial velocity and SCR values. Furthermore, it is shown that the GLRT performance results corresponding to deterministic and Gaussian [16] target models are the same. The validation of the proposed method has been carried out for different target parameters on simulated data and on TSX ATI real data.
II. MULTICHANNEL ATI-SAR SIGNAL MODEL
Here, we introduce the statistical model of the multichannel ATI-SAR signal.
Consider an ATI SAR system consisting of N antennas moving along direction x (azimuth) and separated along the azimuth by the two-way baselines b n from the first antenna, with n = 1, . . . , N and b 1 = 0 [3] . Assume b n H, where H is the platform distance from the ground, and a target on the ground moving with a constant velocity v T = v x x + v r r, where v x and v r are the azimuth and range velocity components, respectively (see Fig. 1 ).
Let
T , and
T , the complex N -dimensional vectors representing the SAR processed images, the stationary ground clutter, the moving target, and the white thermal noise signals, computed in a fixed pixel, where T stands for the transpose. The target detection problem can be stated as a hypothesis testing problem, since it can be reduced to the choice between the two statistical hypothesis H 0 and H 1 , corresponding to the absence and to the presence of a moving target, respectively.
The SAR image signal can be modeled as
The clutter vector Z C and the thermal noise vector Z W can both be assumed as circularly symmetric complex (or proper complex) Gaussian vectors, with mutually uncorrelated real and imaginary parts, with zero mean and same variance (σ 2 C /2 and σ 2 W /2, respectively). While the elements of Z W can be assumed uncorrelated, the elements of Z C are highly mutually correlated, since they represent clutter image samples taken with the same view angle and with a very short time elapsing between the acquisitions smaller than the time for the synthetic aperture synthesis.
When the moving target is absent (hypothesis H 0 , Z T = 0), the random vector Z is Gaussian with zero mean and covariance matrix
where * denotes conjugation, I N is the N -dimensional identity matrix, C C and C W are the clutter and noise covariance matrices, and CN R = σ 2 C /σ 2 W and γ Cnm are the clutter correlation coefficients given by [3] 
with E[·] denoting the expected value. We highlight that for circularly symmetric zero-mean Gaussian clutter, the coefficients γ Cnm are real valued and typically assume a value equal to 1 [11] , since the stationary clutter signal is acquired by the SAR antennas with the same view angle and with a time delay on the order of a millisecond. In this assumption, it results
where vector 1 is the all ones N -dimensional column vector. As far as the target model is concerned, while in [16] , a Gaussian model was assumed, we consider here a deterministic target contribution. The detection performance achieved will be compared with those obtained with the detector presented in [16] . The deterministic model considered here is applicable to the case of a target whose RCS does not change in the small time required to the SAR antenna to cover the baseline length [25] and in absence of other information on its a priori statistical distribution. If during this time, the target RCS changes, a defocusing effect is observed, producing a decrease of the SCR value, which produces a loss in the detection performance. In our hypothesis, it can be assumed that the target contribution takes the same value A in all the acquired images, which can be considered as a deterministic unknown parameter influencing the SCR and the acquired data statistical distribution. Then, the moving target signal can be modeled as a deterministic vector whose elements can be written as
where A is the complex target reflectivity image (with amplitude |A| and phase ϕ A ) acquired by the nth antenna in the stationary case (zero radial velocity value), not depending on n, and ϕ n is a phase related to the target radial velocity through the relation [3] 
where a n = 4πb n /λ, with λ the operating wavelength, v p the flying platform velocity, and < · > 2π the "modulo-2π" operation. By introducing vector φ
vector z T can be written
In this assumption, the random vector Z in the hypothesis H 1 is a circularly symmetric Gaussian complex vector with the same covariance matrix as in the hypothesis H 0 , and mean different from zero and equal to z T , and the SCR is given by
. We note that the adopted model assumptions are simplifying and not necessarily always valid:
1) Gaussian clutter model has been validated over natural scenes [26] , such as agricultural and suburban areas, but breaks down over more heterogeneous scenes such as urban areas [4] ; 2) clutter correlation is not satisfied if longer baselines and/or clutter scenarios with internal motion (as sea clutter) are considered [5] - [8] ; 3) correlation coefficients are equal to 1 and target amplitude is the same across n only in the ideal case of a perfectly calibrated multichannel radar.
III. STATISTICAL TEST FOR MOVING TARGET DETECTION
As shown in Section II, the pdf of an image pixel depends on the target parameters, which are essentially its complex amplitude A and the target radial velocity. Then, for applying a statistical test for moving target detection, such as the classical LRT [27] , these parameters should be known. On a practical level these parameters are unknown, then a suboptimal test, such as the GLRT [27] , has to be applied. The GLRT replaces the unknown parameters by their maximum-likelihood (ML) estimates.
Here, we first consider the theoretical ideal case of known target parameters and analyze LRT, to obtain best performance results to be used as reference.
1) Known Target Parameters:
Assuming that the target parameters ϕ A , v r , and SCR are known, the LRT detector is
where f (Z; ϕ A , v r , SCR |H 1 ) and f (Z |H 0 ) are the likelihood functions in the statistical hypothesis H 1 and H 0 , respectively and η is a threshold that can be determined fixing a probability of false alarm (CFAR).
In the considered assumptions, we have (10) , as shown at the bottom of the page.
In (9) and (10) the dependence on ϕ A ,v r , and SCR has been highlighted in the target signal z T , but in the following, it will be omitted.
Taking the natural logarithm, (10) can be written as
where
The corresponding values of the probability of false alarm P FA and of detection P D are given by
Then, for computing P FA and P D , f Λ L the statistical distribution of Λ L , in both hypothesis H 0 and H 1 , has to be evaluated.
We note that z H T C −1 Z is a complex Gaussian random variable with mean value equal to zero in the hypothesis H 0 and equal to z H T C −1 z T (that is a real value), in the hypothesis H 1 , and variance σ 2 , given by
Note that σ 2 does not change in the hypothesis H 0 and H 1 , since vector Z in (15) in the two different hypothesis has the same variance but a different average value.
Thus, the variable Λ L (Z) = Re(z
We notice that for evaluating C −1 , we can apply the lemma in [28] since C is a matrix sum of a nonsingular matrix (as happens in our case due to the presence of thermal noise) and a rank one matrix [see (2) ], thus resulting [15] :
where 1 is an all one N -dimensional vector. Substituting (18) in (15), we obtain
Exploiting (13), the P FA can be easily evaluated in closed form
where Q is the tail probability of the standard normal distribution.
From (20) , the threshold η' corresponding to a given P FA is
The corresponding probability of detection P D is given by
Equation (22) represents the ROC of the LRT for a deterministic target model.
Since LRT is optimal in the Neyman-Pearson sense, (22) can be used as a reference for assessing the performance of other tests.
In Fig. 2 , we report the ROC given by (22) (solid line) for three different values of SCR (3, 5, and 7 dB), for a target with a radial velocity of 50 km/h and for an ATI-SAR system with one baseline. In particular, we consider TSX parameters. We refer to the TSX dual receive antenna (DRA) mode [29] , where the ATI is obtained with an antenna separation of half the total antenna length of 4.8 m and an effective baseline of half the antenna separation, i.e., 1.2 m (platform velocity of 7600 m/s and working frequency of 9.65 GHz). We notice that, for the considered velocity value, for SCR larger than 5 dB, the detection performance is very good, whereas it worsen noticeably for SCR = 3 dB.
In Fig. 2 , we also show the ROC of the LRT detector for DPCA [17] (dashed line), obtained with the deterministic target model and with the same parameters previously considered. We observe that the ATI detector outperforms the DPCA detector for low SCR, whereas the difference decreases when the SCR increases. In Fig. 3 , the ROCs obtained with SCR = 3 dB and for different velocity values are shown. It can be noted that, when velocity increases, the DPCA detector approaches the ATI one; as expected, DPCA is not well suited to detect slow targets. In order to better investigate the optimal detection performance, we introduce the deflection associated to Λ L , defined as [30] , i.e.,
Exploiting (22) and (23), we can express P D as a function of the deflection and of the P FA
Equation (24) shows that, as stated in [30] , the maximization of the P D for a fixed P FA is equivalent to the maximization of the deflection, since Q is a monotonically decreasing function. Note that the detection performance increases with
2 , which is related to a signal, clutter and noise power ratios as it can be easily seen from (19); thus, the P D is affected by the amplitude of the target signal and by its radial velocity but not by its phase ϕ A .
Equation (24) also shows that for an assigned P FA , a constant P D is obtained for a constant deflection, which can be obtained with different values of CN R, v r , SCR, and baseline. If we fix P FA = 10 −4 , we derive the deflection that ensures a determined P D and then from (19) , fixing CNR = 10 dB and b = 1.2 m, we can find the values of v r and SCR giving the same deflection value. We show in Fig. 4 the areas of the v r −SCR plane corresponding to the values of P D greater than 0.99 (red), between 0.90 and 0.99 (yellow), between 0.80 and 0.90 (cyan), and lower than 0.80 (blue), respectively, obtained considered the TSX ATI-SAR system parameters. We note that in order to detect a slow target with a 99% probability, we need an SCR higher than 12 dB, whereas for faster targets the requested SCR decreases.
Performance can be highly improved using more than one baseline. The same ROC curves shown in Fig. 2 can be also obtained with lower SCR values by considering a hypothetical three antenna ATI-SAR system with the two baselines b 1 = 1.2 m and b 2 = 3.1 m. In this case, the same deflection values obtained in the previously considered case of one baseline and for SCR values of 3, 5, and 7 dB can be obtained for SCR values of −3.4, −1.4, and 0.6 dB, as can be observed from Fig. 5 .
In Fig. 6 , we show the areas of the v r −SCR plane corresponding to values of P D greater than 0.99 (red), between 0.90 and 0.99 (yellow), between 0.80 and 0.90 (cyan), and lower than 0.80 (blue), respectively, for an ATI-SAR system with two baselines. In particular, we have considered a SAR system with TSX parameters but with the two baselines b 1 = 1.2 m and b 2 = 3.1 m. We note that the area corresponding to a P D greater than 0.99 now is bigger and involves lower SCR values, even for slow moving targets. For example, with one baseline, a target moving at 20 km/h could be detected with a P D greater than 0.99 only for SCR greater than 11 dB, whereas for the twobaseline case, it is sufficient that an SCR is greater than 6 dB. However, it has to be reminded that the performance presented is only the best case theoretical performance, since they have been obtained assuming the target parameters to be known. Then, the ROC (22) represents only an upper bound of the expected performance in unknown target parameters case.
2) Unknown Target Parameters: In the more realistic case of unknown target parameters, the GLRT can be applied. It consists in substituting the ML estimates of ϕ A , v r , and SCR in (9), which amounts to performing the following statistical test:
where the likelihood functions f in the two statistical hypothesis H 1 and H 0 are explicated in (10) and Ω S , Ω v , Ω ϕ A are the intervals, in which SCR, v r , and ϕ A assume values. Since the ML estimators of SCR, v r , and ϕ A [obtained by maximizing the numerator of (25)] are dependent on the observed data vector, the pdf of Λ G (Z) will differ from the distribution found for the known parameters case. It is easy to show that the estimateÂ of the target complex amplitude A, which maximizes the numerator of (25) can be expressed as [31] , i.e.,Â = z
where z T is depending on v r and is given by (8) . Substituting (26) in (25), the following GLRT test is obtained:
Unfortunately, the ML estimator of v r cannot be expressed in closed form, so that v r needs to be estimated via an exhaustive search over an interval (−v ramb , v ramb ) with v ramb being the ambiguous radial velocity value equal to λ/4b. Hence, threshold δ corresponding to an assigned P FA and the corresponding ROC curve are numerically evaluated by means of a Monte Carlo simulation approach, consisting in simulating a large number of realizations of clutter plus noise signals, i.e., the data under hypothesis H 0 . Then, for a given P FA , we evaluated the threshold such that the realizations of the generalized likelihood ratio are greater than it with a probability equal to the fixed P FA . Since we simulated the ROC for a minimum P FA of 10 −4 we used in all the simulations a sample size of 10 5 . We note that, in this case, the P D will be affected by the estimation of the three parameters, thus, differently from the LRT case, it now depends also on the estimation of the target phase ϕ A . The actual value of ϕ A does not influence the velocity estimation accuracy and the GLRT performance, provided that it is properly estimated. For better evidencing the importance of estimating ϕ A , we can refer to the phasor representation shown in Fig. 7 . In Fig. 7(a) , the phasor diagram of the interferometric signals for the case N = 2 is shown. The phasors of the measured data Z 1 and Z 2 are represented in red. They are resulting from the sum of the target phasors (in blue) and the clutter phasors (in green). The target phasors exhibit the same amplitude A, the same initial phase offset ϕ A , and different phases, due to the radial velocity phase term ϕ v . The clutter phasors, instead, due to the very high clutter correlation, are not changing from one acquisition to the other (thermal noise has not been considered, as its effect is equivalent to the production of a negligible change of the clutter phasors that can be neglected for high CNR values). The correct estimation procedure essentially consists in searching the target phasors with equal amplitudes, different phases and the same initial phase offset, together with the fully correlated clutter phasors, providing a sum equal to the data phasors. The phasors that would be obtained from an estimation procedure not involving the estimation of the phase offset ϕ A and assuming a realvalued target (ϕ A = 0) are shown in Fig. 7(b) . As it is evident, the solution obtained by considering ϕ A = 0 is quite different from the real one and leads to a wrong estimate of the phase related to the radial velocity. Anyway, for very high SCR values, when clutter can be neglected respect to the target signal, the velocity estimate becomes independent from the phase ϕ A , as expected.
In Fig. 8 , we report the comparison between the LRT (point dashed line) and the GLRT (solid line) proposed ATI detectors on simulated data using TSX parameters. We assume a deterministic target model with a velocity value of 50 km/h and for different SCR values (3, 5, and 7 dB), increasing from the bottom to the top. The lowering of the curves in the GLRT case is due to the parameters estimation step, which, as expected, degrades the performance and the degradation decrease for increasing values of SCR. The LRT and the GLRT performance is practically the same for SCR values greater than 7 dB, whereas GRLT exhibits a noticeable loss in detection capability for SCR values lower than 5 dB. In the same figure, we show the behavior, on the same data, of the GLRT (dashed line) detector investigated in [16] , which assumes a Gaussian target model. We point out that the two GLRT exhibit experimentally the same performance. A confirmation of that behavior can be found in [32] , where following the same model proposed by the authors in [16] , it has been shown that the two models provide the same statistical test.
In Fig. 9 , we report the comparison between the LRT (point dashed line) and the GLRT (solid line) detectors in the hypothetical case of two baselines (b 1 = 1.2 m and b 2 = 3.1 m). We assume a deterministic target model and with a velocity value of 50 km/h, but in this case, we consider the three SCR values −3.4, −1.4, and 0.6 dB, which would produce the same deflection values obtained for the SCR values considered in the single-baseline case of Fig. 8 . In this case, the LRT and the GLRT performance is practically the same for SCR values greater than 0.6 dB, whereas GRLT exhibits a noticeable loss in detection capability for SCR values lower than −1.4 dB. In the same figure, we show the behavior, on the same data, of the GLRT (dashed line) detector that assumes a Gaussian target model. It can be observed that also in this case, the two detectors have equivalent performance.
Comparing Fig. 8 with Fig. 9 we note that, while the theoretical LRT performance is the same, since the deflection values in the one-baseline and in the two-baseline cases are the same, GLRT behaves slightly better in the one-baseline case. This behavior is due to the different parameter estimation accuracy values obtained in the two cases, which is not simply related to the deflection value.
In Fig. 10 , we report the ROC curves obtained with the LRT of the DPCA detector (point dashed line) and the corresponding GLRT (solid). In addition, for the DPCA, the lowering of the curves in the GLRT case is due to the parameters estimation step, which, as expected, degrades the performance and the degradation decrease for increasing values of SCR.
IV. NUMERICAL AND EXPERIMENTAL RESULTS
To assess the performance of the proposed approach, we present the detection results obtained on simulated and real data.
In order to emphasize the detector performance in the unknown parameters case, we consider a typical situation: a road with ten targets (see Fig. 11 ) with different SCR and v r values, according to Table I . The data have been simulated by processing the raw data signal [33] returned by the moving point scatterers superimposed to the signal returned by the stationary Gaussian clutter.
We neglect the defocusing effect due to the along-track velocity, and we consider only the effect of the radial velocity, which produces an azimuth displacement. This does not impair the generality of the results, since the azimuth defocusing effect is equivalent to a decrease of the unknown SCR value.
We consider a system with TSX parameters and simulate a SAR image of 300×1000 pixels along range and azimuth, respectively.
Target detection is performed with the GLRT detector (27) in two cases: with an assigned P FA = 10 −4 Fig. 11 (a) and with an assigned P FA = 10 −5 Fig. 11(b) . The detected targets are indicated with cyan squares. We see that all the ten moving targets are detected in both cases. The targets moving with radial velocity are shifted in azimuth by Δ az [2] :
where R is the platform distance from the scene center, and it is related to the height H and the view angle. Consequently, the ten targets are displaced in the azimuth direction (vertical direction) with respect to their true position (red circles). By shifting the azimuth location of the detected targets on the base of (28) using the estimated radial velocity value, the targets appear quite correctly relocated in their real position (green triangle). The false alarms (yellow stars) are 26 for P FA = 10 −4 , and 2 for P FA = 10 −5 , in accordance with the chosen P FA . In Table I , we report also the original and estimated target SCR and v r values and the corresponding azimuth repositioning errors, starting from the left in the picture. We observe a quite accurate velocity estimation with a maximum relative error of 7%, the SCR estimation is less accurate, with a maximum relative error of 37%, whereas the highest repositioning error is on the order of 140 m.
In order to better investigate the estimation accuracy, we report in Fig. 12 the Cramer-Rao lower bounds (CRLB) [13] for the radial velocity. In particular, we evaluated the CRLB
1/2
[km/h] for a range of values of the radial velocity going from 0 to 150 km/h and for different SCR values (3, 5, and 7 dB). We note that, as expected, the CRLBs 1/2 decrease for increasing values of the SCR, but due to the phase ambiguities, increases approaching the ambiguous radial velocity of 176 km/h. We report also the root-mean-square error (RMSE) that is quite close to the CRLB for low velocity values but explode approaching the ambiguous radial velocity. We note that the estimation error will have an impact on the target repositioning, for example a target with a radial velocity of 50 km/h with TSX parameters have a CRLB 1/2 of 18 km/h with SCR = 7 dB and of 30 km/h with SCR = 3 dB (see Fig. 12 ); thus, it will suffer, on average, Fig. 13 . RMSE (solid) for target radial velocity vr from 0 to 150 km/h, CNR = 10 dB, and SCR = 7 dB, in case of the target phase is estimated (blue, diamond), corresponding CRLB 1/2 (blue, point dash), RMSE in case of the target phase is not estimated and the true ϕ A is π/3 (black, square), π/2 (pink, star), andπ (brown, triangle). In order to show empirically the effect of not estimating the target phase ϕ A we report in Fig. 13 the RMSE in kilometers per hour for a range of values of the radial velocity going from 0 to 150 km/h for CNR = 10 dB, and SCR = 7 dB. In particular, we note that the RMSE obtained when considering ϕ A = 0 increases for different values of the value of the target phase ϕ A (π/3, π/2, π). We show also the deviation from the CRLB 1/2 and the RMSE in the case when the target phase is estimated. Only when approaching the ambiguity velocity value, the estimation errors are comparable. This is reasonable, since the error in that case is related to the phase wrapping.
Finally, we report the results on real data from TSX in DRA mode.
In Figs. 14 and 15 , respectively, we show the TSX amplitude image and the subimage of a limited area on which we perform the numerical experiments. In Fig. 16 , we reported the esti- mated (using a moving window approach) amplitude coherence of the subimage analyzed, we note that the two images are highly correlated. In Fig. 17 , we show the detected targets (cyan squares) assuming a P FA equal to 10 −4 . Since with the TSX parameters, the azimuth shift associated even to a low radial velocity value is large (the shift corresponding to a target moving with v r = 50 km/h is in the order of 1.2 km) and the road network is fairly dense in the area considered, so that it is rather difficult to use the road map as a priori information for the radial velocity estimation. It can only be exploited in the estimation refinement step. Once the target velocity have been estimated, they can be placed in their original position (green triangle), taking into account the azimuth displacement. As it can be seen, the majority of the targets have been positioned on the roads, in particular we have highlighted in yellow the principal road, a highway, which is also easily visible in the Google Earth image in Fig. 18 . In Table II are reported, respectively the estimated SCR, coherence and radial velocity of the 26 detected targets. Clutter power and coherence have been empirically evaluated from the data using a moving window approach. We note that the detection area has been chosen of 300 × 700 pixels and we expected around 21 false alarms with a P FA equal to 10 −4 , we have filtered 22 targets with a radial velocity lower than 50 km/h since we focused our attention on the traffic flow of the highway. Since the SCR are quite low we expect a repositioning error that in some case could be consistent, this is why not all the targets are perfectly repositioned.
V. CONCLUSION
In this paper, we have investigated the detection of ground moving targets using SAR systems, which allow large area coverage in all-weather conditions during day and night. In particular, we refer to multibaseline ATI-SAR systems, whose images exhibit an ATI phase in correspondence of targets moving with a radial velocity. We have investigated a GLRT approach for the target detection, exploiting SAR amplitude and phase of the processed images and assuming a Gaussian clutter model and a deterministic target response.
We have showed that the theoretical detection performance (LRT) in the case of known target parameters can be derived in a closed form. Moreover, the deflection of the pdf of the likelihood ratio can be used in order to assess the theoretical performance achievable for given velocity, target RCS, clutter power level, false alarm rate, and baselines values. In the case of unknown target parameters, a suboptimal GLRT needs to be used. The performance degrades with respect to the LRT optimal one, due to the parameters estimation inaccuracies, but the degradation is not significant for sufficiently high SCR and velocity values. Moreover, we showed on simulated data that the detection results achieved using the GLRT based on a deterministic model for the target response are comparable with the ones obtained using the GLRT based on a Gaussian target model. This behavior is related to the adopted signal model, assuming that only one target realization is present in the multichannel signal, so that the same input information to the parameter estimation and detection procedures is provided for both the considered target models. If, instead, the target complex reflectivity decorrelates along the observation vectors, the two target models are expected to differ and might result in estimation/detection performance differences.
Eventually, experimental results obtained on real TSX ATI data show the capability of the GLRT approach in detecting moving targets for enough high SCR and velocity values. The estimation accuracy of the target radial velocity, and consequently, the target azimuth repositioning, is satisfactory for strong and fast targets, but needs improvements for velocity values lower than 50 km/h and low SCR values. A noticeable improvement can be reached by using an additional channel (two-baseline systems) or exploiting possible available information on the road maps to refine the target repositioning.
